Abstract: N,N′-Dinitro-4,4′-azo-bis(1,2,4-triazolone) (DNZTO) is synthesized by the reaction of 4,4′-azobistriazolone (ZTO) with a mixture of nitric acid and acetic anhydride. The product was fully characterized by IR, NMR, matrix-assisted laser desorption/ionization with time-of-flight mass spectrometry, and single-crystal X-ray analysis. The explosive performance including detonation pressures (P), velocities (D) of DNZTO, and heats of formation were predicted using gaussian 09 at B3LYP/6-311+G ** .
Introduction
Desirable characteristics for new energetic materials include positive heat of formation, high density, high detonation velocity and pressure, high thermal stability, and low sensitivity toward external forces such as impact and friction [1] [2] [3] [4] [5] [6] [7] [8] . Recently, the combination of an azo group with nitrogen-rich heteroaromatic rings has been extensively studied because the azo linkage not only desensitizes but also dramatically increases the heats of formation of high-nitrogen compounds such as 1,1′-dinitro-3,3′-azo-1,2,4-triazole [3] , 5,5′-dinitro-3,3′-azo-1,2,4-triazole [4, 5] , 5,5′-dinitro-1,1′-azo-tetrazole [6] , and 4,4′-dinitro-3,3′-azofurazan [7, 8] as high energy density compounds (Fig. 1) .
Since the generation of N 2 as an end product of propulsion or explosion is highly desirable, compounds containing a backbone of directly linked nitrogen atoms are of great interest. Therefore, many molecules that consist mainly of nitrogen but incorporate heteroatoms into the structure to provide additional stability were studied, including 4,4′-azo-bis-1,2,4-triazolone (ZTO) [9] [10] [11] [12] , 1,1′-azo-bis-1,2,3-triazole (N 8 ) [13, 14] , 4,4′-azo-bis-1,2,4-triazole [15] , and 1,1′-azo-bis-1,2,3,4-tetrazole (N 10 ) [16] [17] [18] [19] [20] (Fig. 2) .
Triazolone derivatives have received increasing attention due to their high positive heats of formation and high nitrogen content, which can be used in potential energetic materials and intermediates of preparing high-energy explosive. In this work, the synthesis of N,N′-dinitro-4,4′-azo-bis(1,2,4-triazolone) (DNZTO) by the reaction of ZTO with a mixture nitric acid and acetic anhydride is described. The theoretical performance data were calculated at the B3LYP/6-311+G ** level.
Experimentation

General
1 H, 13 C NMR spectra were recorded on a 300 MHz (Bruker AVANCE 300) nuclear magnetic resonance spectrometer operating at 300.13 or 75.48 MHz, using [D 6 ]DMSO as a locking solvent. IR spectra were recorded using KBr pellets on a Bio-Rad model 3000 FTS spectrometer. ZTO was prepared according to the literature [9] [10] [11] .
Synthesis of DNZTO (Scheme 1)
ZTO (0.500 g, 2.55 mmol) was added slowly to a mixture of 95 % nitric acid (1.52 mL, 17.13 mmol) and acetic anhydride (3.28 mL, 34.67 mmol) at 0 °C. The reaction mixture was stirred at room temperature for 1 h and poured into crushed ice. A pink solid was obtained (0.58 g, 80.0 %). The final product was obtained as a white solid (0.54 g, 74.4 %) recrystallized from CH 3 
X-ray crystal structure determination
Crystals of DNZTO, suitable for single-crystal X-ray diffraction, were obtained by dissolving and retaining the compound in a minimum amount of CH 3 CN at room temperature and subsequent filtration. The crystals were found to contain one molecule of CH 3 CN per molecule of DNZTO. A colorless plate-like single crystal of dimensions 0.68 × 0.30 × 0.13 mm 3 was mounted on a MiteGen MicroMesh using a small amount of Cargille Immersion Oil. Data were collected on a Bruker three-circle platform diffractometer equipped with a SMART APEX II CCD detector. The crystals were irradiated using graphite monochromatized MoKα radiation (λ = 0.71073). An Oxford Cobra low-temperature device was used to keep the crystals constant at T = 153(2) K during data collection. The structure was solved and refined with the aid of the programs in the shelxtl-plus suite of programs [21, 22] . The full-matrix least-squares refinement on F 2 included atomic coordinates and anisotropic displacement parameters for all non-H atoms. The H atoms were included using a riding model. Table 1 summarizes important crystal structure data.
CCDC 1054257 contains the supplementary crystallographic data for this paper. These data can be obtained free of charge from The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
Results and discussions
Crystal structure of DNZTO· Acetonitrile
The molecular and crystal structure of DNZTO · Acetonitrile is shown in Fig. 3 . Selected bond lengths, angles, and torsion angles are listed in Table 2 . 
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DNZTO · Acetonitrile crystallizes in the monoclinic space group P2 1 /n with a cell volume of 1229.37 Å 3 and four molecules in the unit cell. There are two crystallographically independent molecules of DNZTO each having crystallographically imposed centrosymmetry. There are only very minor differences between the independent molecules in the crystal as may be seen from the side-byside listing of the molecular parameters in Table 2 . The entire DNZTO molecules adopt a nearly planar structure with a strictly planar N 4 chain (torsion angles N( 
Thermal analysis
The thermogravimetric-differential thermal analysis (TG-DTA) curve of DNZTO is carried out at the linear heating rate of 5 °C min −1 (Fig. 4) . It shows that there is one exothermic peak in the decomposition process of DNZTO. The exothermic process is from 126.55 °C to 163.76 °C with the peak temperature of 149.05 °C.
Theoretical studies
The molecular structure and bond critical points of DNZTO are shown in Fig. 5 . The structure has been fully optimized using the density functional theory (DFT) B3LYP method with the 6-311+G ** basis set, which corresponds to the minimum energy points at the obtained molecular energy hypersurface (NImag = 0).
Natural bond orbital (NBO) analysis
In order to understand various second-order interactions between the filled orbitals of one subsystem, the secondorder Fock matrix was established to evaluate donor (i)-acceptor (j) interaction in the NBO analysis [24] . For each donor (i) and acceptor (j), the stabilization energy E (2) is associated with the delocalization and estimated as ( 2 ) 2 ( , ) /( )
where q i is the donor orbital occupancy, ε j -ε i are diagonal elements, and F(i, j) is the off-diagonal NBO Fock matrix element. NBO analysis provides the best method for interaction among bonds and also provides a convenient basis for investigating charge transfer in molecular systems [25, 26] . The larger the E 2 value, the more intensive is the donation tendency from electron donors to electron acceptors, and the greater is the extent of conjugation of the whole system [27] . , respectively. The E (2) values and types of the transitions are shown in Table 3 . 
Molecular electrostatic potential
The molecular electrostatic potential (MEP) is a plot of electrostatic potential mapped on the constant electron density surface displaying the electrostatic potential distribution. The different values are represented by different colors, red representing regions of most negative electrostatic potential (preferred site for electrophilic attack), blue representing regions of most positive electrostatic potential (preferred site for nucleophilic attack), and green representing regions of zero potential. To predict reactive sites for electrophilic and nucleophilic attack for DNZTO, the MEP at the B3LYP/6-311+G(d, p) level was mapped with the total electron density of the molecule. In Fig. 6 , red indicates the more electron rich and blue the more electron poor areas. Furthermore, the polarization effect is clearly visible. The color code of this map is in the range between -0.0125 and 0.0125 (red and blue). Molecular shape, size, and dipole moments of the molecule provide a visual method to understand the relative polarity [28] . As can be seen from the MEP map of the molecule, the negative region is mainly localized at the O atoms of nitro groups, whereas the positive region lies in the fivemembrane aromatic ring systems. The highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) of DNZTO are shown in Fig. 7 . The frontier orbital gap facilitates in characterizing the chemical reactivity and kinetic stability of the molecule. The red and green colors represent the positive and negative values for the wavefunction. The HOMO is the orbital that primarily acts as an electron donor and the LUMO is the orbital that mainly acts as an electron acceptor [29, 30] . The energy gap between the HOMO (-0.2970 a.u.) and the LUMO (-0.1435 a.u.) of the molecule is about 0.1535 a.u. The HOMO and LUMO energy gap explains the eventual charge transfer interactions taking place within the molecule. Mulliken [31] has derived the wavefunctions for the ground state and excited states of the complex and the charge distribution over the atoms thus produces a way of examining the proton transfer process. The charge distributions calculated by the Mulliken method [32] for the equilibrium geometry of DNZTO are given in Table 4 .
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Detonation performance
The theoretical parameters of DNZTO were calculated by the Kamlet-Jacobs equation [33, 34] and are presented in Table 5 . Although some of the calculated values show a remarkable similarity to those of 1,3,5-trinitro-1,3,5-triazacyclohexane (RDX) [35, 36] (Table 5) , especially the friction sensitivity of only 10 N as compared to 120 N for RDX rules out that DNZTO can be used as RDX replacement. This could already be seen also from the low onset of thermal decomposition of 126 °C (vide supra), the value for RDX being 210 °C.
Conclusions
The synthesis and characterization of DNZTO are described in this study. The thermal study showed that DNZTO decomposes at 149.05 °C. In order to understand the relationship between the structure and performance of DNZTO, the stabilization energy E (2) , molecular electrostatic potential, HOMO-LUMO energy gaps, and Mulliken charge distributions were calculated at the B3LYP/6-311+G ** level. 
